Both Rad51 and Rad52 are required for homologous genetic recombination in Saccharomyces cerevisiae. Rad51 promotes heteroduplex joint formation, a general step in homologous recombination. Rad52 facilitates the binding of Rad51 to replication protein A (RPA)-coated single-stranded DNA. The requirement of RPA can be avoided in vitro, if the single-stranded DNA is short. Using short single-stranded DNA and homologous double-stranded DNA, in the absence of RPA, we found that Rad52 (optimal at three per Rad51) was still required for Rad51-promoted heteroduplex joint formation in vitro, as assayed by the formation of D-loops, suggesting another role for Rad52. Rad51 has to bind to the single-stranded DNA before the addition of double-stranded DNA for efficient D-loop formation. Immunoprecipitation and single-stranded DNA-bead precipitation analyses revealed the presence of the free and DNA-bound complexes of Rad51 and Rad52 at a 1 to 2 stoichiometry. In the presence of single-stranded DNA, in addition to Rad51, Rad52 was required for extensive untwisting that is an intermediate step toward D-loop formation. Thus, these results suggest that the formation of the stoichiometric complex of Rad52 with Rad51 on single-stranded DNA is required for the functional binding of the protein-single-stranded DNA complex to the doublestranded DNA to form D-loops.
Homologous genetic (or DNA) recombination is required for the precise repair of DNA double strand breaks and for the disjunction of homologous chromosomes during meiosis that generates genetic variation within species. A heteroduplex joint, formed by the pairing of a single-stranded DNA-tail derived from a double strand break with the complementary sequence within intact homologous double-stranded DNA, is a general intermediate of homologous recombination.
In vitro, RecA of Escherichia coli efficiently promotes the formation of heteroduplex joints ("homologous pairing") between closed circular double-stranded DNA and homologous single-stranded DNA fragments (the products are called "D-loops" (1, 2) ), between circular single-stranded DNA and a terminus of a homologous linear doublestranded DNA (3, 4) and in general between homologous combinations of any of single-and double-stranded DNA, independent of the strand termini (5) .
Saccharomyces cerevisiae Rad51, a protein homologous to RecA (6, 7) , is required for meiotic recombination and recombinational repair in vivo, and in vitro, it promotes heteroduplex joint formation between circular single-stranded DNA and a terminus of linear double-stranded DNA in the presence of replication protein A (RPA, 2 a single-stranded DNA-binding protein). In this reaction, RPA is required for removing secondary structures in the circular single-stranded DNA substrate (8 -10) . Rad51 alone promotes the formation of D-loops between closed circular double-stranded DNA and short single-stranded DNA fragments, although it is much less efficient than RecA (11, 12) . The heteroduplex joint formation promoted by Rad51 is extensively stimulated in the presence of either Rad54 or Rdh54/Tid1 (13, 14) . It is believed that Rad51 plays a key role in heteroduplex joint formation during homologous recombination, but it requires one or more other proteins for the reaction.
Some limited cases of mitotic homologous recombination require Rad52, but not Rad51. In vitro, Rad52 binds to both single-and doublestranded DNA molecules and promotes annealing between complementary single-stranded DNA molecules (15) (16) (17) . In the case of human Rad52, it was shown to promote the formation of D-loops between closed circular double-stranded DNA and short single-stranded DNA fragments, under conditions very different from those required for the formation of D-loops by either RecA or Rad51 (18, 19) . This activity explains the role of Rad52 in Rad51-independent homologous recombination systems.
Generally, meiotic and mitotic homologous recombination in S. cerevisiae (reviewed in Refs. 20 -22) requires Rad52 in addition to Rad51 (23) (24) (25) . Genetic (26, 27) and biochemical studies (28 -30) have demonstrated that physical and species-specific interactions between Rad51 and Rad52 are required for homologous recombination. In vitro, Rad52 stimulates Rad51-and RPA-promoted heteroduplex joint formation between circular single-stranded DNA and linear double-stranded DNA (28, 31, 32) . RPA is required for this reaction, but the binding of Rad51 to single-stranded DNA is inhibited by previously bound RPA on the single-stranded DNA. Thus, it is assumed that Rad52 promotes the loading of Rad51 onto the RPA-coated circular single-stranded DNA and stabilizes Rad51 binding to the single-stranded DNA (29, 33, 34) . By the use of a short single-stranded DNA that bypasses the requirement of RPA for heteroduplex joint formation, we now show that Rad52 plays an additional important function in the Rad51-promoted formation of D-loops.
Column, and the Q-Sepharose FF, Mono Q HR5/5, and Sephacryl S-300 HR matrices were obtained from Amersham Biosciences.
DNA
Phage DNAs-We used the methods described by Cunningham et al. (35) for the preparation of circular single-stranded DNA and form I DNA of phage M13mp19 (M13) and x174. Circular pUC119 singlestranded DNA was prepared according to the method described by the same authors (35) .
Plasmid DNA-The plasmid pNS11, carrying ARG4 gene together with part of the DED81 gene of S. cerevisiae, was kindly provided by Dr. Ohta of RIKEN Discovery Research Institute. The plasmid was constructed by the insertion of a PstI fragment containing part of DED81 and ARG4, which has a hot-spot region of genetic recombination in meiosis (36, 37) , into the PstI site of pUC119. Form I DNA of pNS11, harbored in E. coli XL1-Blue MRFЈ, was prepared by disruption with lysozyme and Sarkosyl, extraction with phenol, and sucrose-gradient centrifugation, as described by Cunningham et al. (35) . The presence of the hot-spot sequence did not stimulate (or inhibit) the formation of D-loops by Rad51-Rad52 (data not shown).
Linear Double-stranded DNA-Linear double-stranded DNA of x174am3 was prepared by digestion of form I DNA by PstI. The pNS11 linear double-stranded DNA was generated by EcoRV cleavage near the middle of the insert containing the ARG4 gene. These DNAs were purified by phenol-chloroform extraction and ethanol precipitation.
Linear Single-stranded DNA-Single-stranded DNA fragments of pNS11 (259 bases), which contained a downstream 20-base region of a meiotic double strand break site (37), were prepared as follows: first, pNS11 double-stranded DNA fragments (pNS11dsf) were amplified by PCR in a mixture containing 1 ng of pNS11, 0.25 mM dNTP, 0.5 M AG4dsF primer (ACTTTTTGGATAAGCTGGCG), AG4dfR primer (GAAGAACCTGTTGAATAGGCG), 0.05 unit/l Taq DNA polymerase, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, and 1.5 mM MgCl 2 (total 50 l). The mixture was preincubated for 3 min at 95°C, and then was subjected to 25 cycles of amplification at 30 s at 94°C, 30 s at 60°C, and 60 s at 72°C, followed by 5 min at 72°C. The amplified pNS11dsf was purified on a Micro Spin S-400 HR column. Then, we amplified the pNS11 single-stranded DNA fragments in a mixture (total of 500 l) containing pNS11dsf (50 l), 2 M AG4sfD primer (GGAAGAGACG-CATTGTAAAGG), 0.25 mM dNTP, and 0.03 unit/l Pfu polymerase in Pfu buffer (Promega Co.). The reaction conditions were as follows: 1 min at 94°C, and 20 cycles for 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C. The amplified pNS11 single-stranded DNA fragments were separated on a 3.0% NuSieve GTG-agarose gel (BMA Products), recovered with a SUPREC-01 spin filter (Takara Shuzo Co., Ltd.), and concentrated by ethanol precipitation.
Fragments of single-stranded pUC119 DNA were prepared by digestion of its circular single-stranded DNA with HaeIII (10 -15 units of HaeIII per microgram of single-stranded DNA), incubated for 16 h at 37°C). This pUC119 single-stranded DNA fragments digestion yields 13 putative fragments from 56 to 2,830 bases. The pNS11 singlestranded DNA fragments and pUC119 single-stranded DNA fragments were 5Ј-labeled with [␥-32 P]ATP and T4 polynucleotide kinase. The labeled DNA was purified with a Probe Quant G-50 Micro Column, and by phenol-chloroform extraction, and then was precipitated by ethanol in the presence of ammonium acetate. The concentrations of these DNAs are expressed as the molar concentration of nucleotide residues.
Relaxed Double-stranded DNA (Form IV DNA)-M13 form I DNA (3.3 g) was incubated with 30 units of calf thymus DNA topoisomerase I (Promega) for 1 h at 37°C, and the relaxed double-stranded DNA was purified by phenol-chloroform extraction and ethanol precipitation.
RecA of E. coli
RecA was prepared from E. coli DR1453, as described by Shibata et al. (38) , except that Mono Q HR5/5 was used instead of DEAE-cellulose. The concentration of RecA was determined based on the extinction coefficient determined by Tsang et al. (39) .
RPA of S. cerevisiae
RPA was prepared from S. cerevisiae CG378, as described by Alani et al. (40) . The purified RPA was dialyzed against a buffer containing 20 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 1 mM dithiothreitol, 100 mM KCl, and 10% glycerol. The concentration of RPA was determined based on the extinction coefficient provided by Sugiyama et al. (9) . We confirmed that the purified RPA stimulated the homologous pairing and strand exchange between circular single-stranded DNA and linear doublestranded DNA promoted by Rad51.
Rad51 of S. cerevisiae
Plasmid and Strain-The expression plasmid (pT7-Sc51) carrying the RAD51 gene was kindly provided by Dr. Shinohara of Osaka University (7). The plasmid was introduced into E. coli BLR(DE3), which is an recA-deficient strain. The expression of Rad51 by the strain was induced as described by Shinohara et al. (7) .
Purification-For the purification of Rad51, the following buffers were used: lysis buffer containing 50 mM Tris-HCl (pH 8.0), 3 mM EDTA, 200 mM KCl, 20% sucrose, 1 mM phenylmethanesulfonyl fluoride (PMSF), and 10 mM dithiothreitol; buffer A containing 50 mM TrisHCl (pH 7.5), 1 mM EDTA, 10% glycerol, 5 mM 2-mercaptoethanol, and 0.5 mM PMSF; buffer B containing 20 mM potassium phosphate (pH 6.8), 10% glycerol, 50 mM KCl, 5 mM 2-mercaptoethanol, and 0.2 mM PMSF; buffer C containing 20 mM Tris-HCl (pH 7.5), 0.2 mM EDTA, 5 mM 2-mercaptoethanol, 10% glycerol, and 0.2 mM PMSF; Rad buffer containing 20 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, and 100 mM KCl. During the purification, Rad51 was monitored by measuring the single-stranded DNA-dependent ATPase activity and by SDS-PAGE. All purification procedures were performed on ice or at 4°C.
The cells (80 g) were suspended in 160 ml of lysis buffer, and, after lysozyme was added to 1 mg/ml, the mixture was incubated for 30 min. After the addition of Brij58 to a final concentration of 0.4%, the mixture was allowed to stand for 30 min. The crude extract (fraction I, 220 ml, 2,000 mg of protein) was recovered by centrifugation at 100,000 ϫ g for 1 h. To fraction I, Polymin P (pH 7.5, BMH Chemicals Ltd.) was added to 0.3%, and the mixture was stirred for 20 min. The precipitates, which were collected by centrifugation at 20,000 ϫ g for 10 min, were resuspended in 80 ml of buffer A containing 500 mM NaCl, and the suspension was stirred for 30 min. The precipitates were again recovered by centrifugation, and Rad51 was extracted with 160 ml of buffer A containing 1.1 M NaCl, by homogenizing and stirring for 1 h. After centrifugation, ammonium sulfate was added to the supernatant to 35% saturation. The resulting precipitates were recovered, dissolved in buffer A containing 200 mM NaCl, and then dialyzed against the same buffer (fraction II, 9.8 ml, 100 mg of protein). Fraction II was applied to a Q-Sepharose FF column (1.6 ϫ 10 cm) equilibrated with buffer A containing 200 mM NaCl. The column was washed with 45 ml of the same buffer, and was eluted with 150 ml of a linear gradient of NaCl from 200 to 600 mM. Rad51, which eluted at 370 mM NaCl, was pooled (fraction III, 21 ml, 47 mg of protein). Fraction III was applied to a column of hydroxyapatite Bio-Gel HTP (1.5 ϫ 6.2 cm) equilibrated with buffer B. After washing the column with 12 ml of buffer B, the proteins were eluted with 90 ml of a linear gradient of potassium phosphate from 20 to 200 mM. Rad51, which eluted at 70 mM phosphate, was pooled (fraction IV, 16 ml, 14 mg of protein). Fraction IV was concentrated by ammonium sulfate precipitation (45% saturation), dissolved in 2 ml of buffer C containing 200 mM KCl, and fractionated on a Sephacryl S-300 HR gel filtration column (2.2 ϫ 41 cm) that had been equilibrated with buffer C containing 200 mM KCl. Rad51, which eluted in the void volume, was pooled (fraction V, 4.3 ml, 5.5 mg of protein). Fraction V was applied to a Mono Q HR5/5 column equilibrated with buffer C containing 200 mM KCl. The column was washed with 5 ml of the same buffer, and the proteins were eluted with 20 ml of a linear gradient of KCl from 200 to 700 mM. Rad51, which eluted at 410 mM KCl, was pooled (fraction VI, 1.0 ml, 2.5 mg of protein). Fraction VI was diluted with 2 volumes of buffer C and was fractionated again on a Mono Q HR5/5 column, equilibrated with buffer C containing 200 mM KCl and 5% glycerol. The column was washed with 1 ml of the same buffer, and the proteins were eluted with 20 ml of a linear gradient of KCl from 200 to 600 mM. Rad51 eluted at 420 mM KCl, and was pooled. The pooled fraction was dialyzed against Rad buffer, and then 20-l aliquots were stored at Ϫ80°C (fraction VII, 0.63 ml, 1.04 mg of protein, 36 M). The molar concentration of Rad51 in fraction VII was determined from the extinction coefficient reported by Sugiyama et al. (9) . The purified Rad51 exhibited a singlestranded DNA-dependent ATPase activity similar to that described by Sung (10) . It also promoted homologous pairing and strand exchange between circular single-stranded DNA and linear double-stranded DNA in the presence of RPA, at a stoichiometry of one Rad51 molecule per four nucleotides of the single-stranded DNA (data not shown).
Rad52 of S. cerevisiae
Cloning-The PCR-amplified RAD52 open reading frame (ORF) from the first ATG codon was cloned from S. cerevisiae CG378 genomic DNA, after PCR amplification with the primers RAD52N (ACGCGAC-CGGTATCATATG), which encodes an NdeI site, and Rad52C (AGCGTTTCAAGTAGCTTGC). The sequence of the RAD52 ORF was confirmed by DNA sequencing. For expression from the third ATG codon (16) in the RAD52 ORF, a fragment between NdeI and NspV in the cloned RAD52 ORF was replaced between the same restriction endonuclease sites by a fragment of a PCR product amplified with the primers R52ATG3 (GGCTTTGGTGTGTTGCATATGAATG) and R52FC (GGATCGAACTTCACCTTATCG), and the RAD52 ORF was cloned into the pET3a vector (pNS97).
Expression-The E. coli BLR(DE3) strain carrying pNS97 was cultured in 12 liters of LB medium, containing 1% Tryptone, 0.5% yeast extract, and 1% NaCl (pH 7.5), with 100 g/ml ampicillin and 10 g/ml chloramphenicol, at 30°C. The expression was induced with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside for 3 h.
Purification-For the purification of Rad52, the following buffers were used: buffer K containing 20 mM potassium phosphate (pH 7.4), 0.5 mM EDTA, 10% glycerol, 0.5 mM PMSF, and 5 mM 2-mercaptoethanol; buffer T containing 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 10% glycerol, 0.5 mM PMSF, and 5 mM 2-mercaptoethanol; and lysis buffer and Rad buffer, which were the same as those buffers for Rad51. During the purification, Rad52 was monitored by SDS-PAGE and Western blotting analysis. All purification procedures were performed on ice or at 4°C.
The cells (32 g ) expressing Rad52 were suspended in 64 ml of lysis buffer and disrupted with lysozyme and Brij58, as described for the Rad51 purification. The cell lysate was clarified by centrifugation (100,000 ϫ g, 1 h), and the supernatant (fraction I, 88 ml, 1,047 mg of protein) was treated with ammonium sulfate to 30% saturation. The resulting precipitate was dissolved in buffer K containing 200 mM NaCl, and was dialyzed against the same buffer (fraction II, 12 ml, 160 mg of protein). Fraction II was diluted to 150 mM KCl with buffer K, and applied to a column of SP-Sepharose FF (1.6 ϫ 5.0 cm) equilibrated with buffer K containing 150 mM NaCl. The column was then washed with 30 ml of the same buffer, and the proteins were eluted with 90 ml of a linear gradient of NaCl from 150 to 500 mM in buffer K. Rad52, which eluted at 280 mM NaCl, was pooled (fraction III, 21 ml, 41 mg of protein). Fraction III was concentrated by the addition of ammonium sulfate to 35% saturation, and was applied to a Sephacryl S-300 HR column (2.2 ϫ 41 cm) equilibrated with buffer T containing 200 mM NaCl. Rad52, which eluted in the void volume, was pooled (fraction IV, 8.0 ml, 15 mg of protein). This fraction was diluted to 150 mM NaCl with buffer T, and was applied to a Mono Q HR5/5 column equilibrated with buffer T containing 150 mM NaCl. The column was developed with 20 ml of a linear gradient of NaCl, from 150 to 650 mM in buffer T. Rad52 was eluted at 180 mM NaCl. The fraction was pooled, dialyzed against Rad buffer (fraction V, 1.2 ml, 3.58 mg of protein, 54 M), and stored at Ϫ80°C. In the buffer described by Shinohara et al. (16) , which contained 50% glycerol, Rad52 tended to aggregate and precipitate. The molar concentration of Rad52 in fraction V was determined from the extinction coefficient reported by New et al. (31) . The purified Rad52 exhibited annealing activity between complementary single-stranded DNAs (data not shown) and stimulated (data not shown) the strand exchange by Rad51 and RPA, at the same stoichiometry of Rad52 as described by New and Kowalczykowski (33) .
ATPase Assay
ATPase was assayed as described by Shibata et al. (38) , except that [␣- 
D-loop Assays
Standard D-loop Assay-Heteroduplex joint formation was assayed by using the method developed for the homologous pairing assay described previously (41) , with some modifications. The standard reaction mixture (20 l) contained 0.4 M [ 32 P]pNS11 single-stranded DNA fragments, 60 M pNS11 form I DNA, 0.4 M Rad51, 1.2 M Rad52, 30 mM MOPS-KOH (pH 7.1), 12 mM MgCl 2 , 1 mM dithiothreitol, 50 g/ml bovine serum albumin, and 2.0 mM ATP. The concentration of KCl in the reaction, which was derived from both the Rad51 and Rad52 preparations, was maintained between 4.5 and 12.5 mM, a range within which the efficiency of D-loop formation is not affected. Before their addition to the reaction mixture, the purified Rad51 and Rad52 were mixed without ATP and magnesium and preincubated for at least 30 min on ice to allow complex formation, as described by Song and Sung (29) . The mixture of Rad51 and Rad52 is referred to as Rad51-Rad52. The reaction mixture (18 l), without Rad51-Rad52 and form I DNA, was preincubated for 2-3 min at 37°C, and then 1 l of 8.0 M Rad51-24.0 M Rad52 was added to it. After an incubation for 10 min at 37°C, 1 l of 1,200 M pNS11 form I DNA was added, and the mixture was further incubated for 30 min at 37°C. To stop the reaction, 1.7 l of 500 mM EDTA and 1.3 l of 10% SDS were added, and the mixtures were then transferred to ice. For deproteinization of the DNA, a 2-l aliquot of 1.3 mg/ml proteinase K (Sigma) was added, and the reaction was incubated for 20 min at 37°C. After the addition of 2 l of BPB-dye (0.1% bromphenol blue-50% (v/v) glycerol), the products were separated by electrophoresis (4 V/cm, 1.5 h) on a 1.0% agarose gel with TAE buffer (40 mM Tris acetate (pH 8.0), 1 mM EDTA). The gel was dried on Gel Bond film (BMA Inc.) by heating at 50°C under an air stream and was exposed to a Phosphor Screen (Amersham Biosciences) for 12-16 h. The distribution of radioactivity was analyzed with a Variable Image Analyzer Typhoon 8600. The amounts of D-loops formed were deter-mined by the uptake of the radioactivity derived from the [ 32 P]pNS11 single-stranded DNA fragments, at a position between pNS11 form I DNA and form II DNA.
D-loop Assay with Linear Double-stranded DNA-The reaction mixture was the same as that for the standard D-loop assay, except that 0.4 M [
32 P]pUC119 single-stranded DNA fragments and 20 M pNS11 linear double-stranded DNA were used, instead of 0.4 M [ 32 P]pNS11 single-stranded DNA fragments and 60 M pNS11 form I DNA, respectively. The reaction was stopped by the addition of 2 l of cold 3 M NaCl, 2.5 l of cold stop solution (5% Sarkosyl, 250 mM EDTA), and 3 l of cold phenol/Tris (phenol (pH 7.0) saturated with Trizma base), and the mixture was kept on ice for at least 10 min. After the addition of 2 l of cold BPB-dye, the products were separated by electrophoresis (2-3 V/cm, 5 h) on a 1.0% agarose gel in TAE buffer containing 150 mM sodium acetate. Gel electrophoresis was performed below 10°C. Detection of radioactivity was performed as described for the standard D-loop assay.
Dissociation of D-loops between Form I DNA and Single-stranded DNA Fragments-After the reactions for the standard D-loop assay, except that with 20 M form I DNA, which was conducted in twice the volume (40 l), the reaction mixture was divided into 3 aliquots of 10 l each. In one tube, 10 units of NheI was added, and the reaction was incubated for 60 min at 37°C. The other tubes were treated as control reactions, i.e. the omission of NheI and the omission of both NheI and the subsequent incubation. After the reaction with NheI, deproteinization, gel electrophoresis, and radioactivity detection were performed as described for the standard D-loop assay.
Immunoprecipitation with Anti-Rad51 Antibody
Rabbit anti-Rad51 serum was prepared by Scrum Inc. The anti-Rad51 antibody was purified as follows: anti-Rad51 serum was mixed with Rad51 that had been blotted onto a nitrocellulose membrane. After washing the membrane with TBS (20 mM Tris-HCl (pH 7.5), 150 mM NaCl) containing 0.5% IGEPAL CA-630 (Sigma), anti-Rad51 antibody was eluted with 4 M MgCl 2 containing 50 g/ml bovine serum albumin, and was dialyzed against TBS. The purified anti-Rad51 antibody (ϳ40 g) was mixed with 100 l of Protein A-agarose beads (Calbiochem), and gently shaken at 4°C for 16 h. The beads were washed 3 times with TBS, and resuspended in 60 l of TBS. After Rad51 (25 pmol, ϳ1 g) and several amounts of Rad52 were mixed and incubated on ice for 45 min, the anti-Rad51 antibody-protein A-agarose beads were added and diluted with 30 l of TBS. After shaking for 2 h, the beads were recovered by centrifugation, gently washed twice with TBS, and suspended in 30 l of sample buffer (65 mM Tris-HCl (pH 6.8), 0.3% SDS, 5% 2-mercaptoethanol, and 10% glycerol). A 10-l aliquot was fractionated by SDS-PAGE, and the proteins were stained with the SYPRO-Orange (Bio-Rad) and analyzed with a Variable Image Analyzer (Typhoon 8600), followed by staining with Coomassie Brilliant Blue.
Binding of the Rad51-Rad52 Complex to Single-stranded DNAconjugated Beads
A saturating amount (0.4 M) of purified Rad51 and various amounts of Rad52 were mixed and preincubated for 60 min on ice to allow complex formation, and then were combined with 200 l of a reaction mixture containing 30 mM MOPS-KOH (pH 7.1), 12 mM MgCl 2 , 1 mM dithiothreitol, 2 mM ATP, 0.02% IGEPAL CA-630, 50 g/ml bovine serum albumin and 0.4 M (in nucleotides) biotinylated 60-mer singlestranded DNA fragments (AG4P1, TTCGCTGACCTTTTATAATC-CTTTTTTTTTTTTTTCACATGTTTCAATTTGCGCCAGCTT, which was part of the pNS11 single-stranded DNA fragments). After an incubation for 10 min at 37°C, 5 l of Dynabeads M-280 Streptavidin (Dynal) was added to the reaction mixture, which was further incubated for 15 min at 24°C. The biotinylated DNA-protein complex was captured using a magnet. The bound proteins were eluted with the sample buffer and fractionated by 10% SDS-PAGE. The proteins were stained with the SYPRO-Orange and analyzed with the Variable Image Analyzer, followed by staining with Coomassie Brilliant Blue.
Assay to Detect the Untwisting of DNA (a Topoisomerase Assay)
The reaction mixture (20 l) contained 10 M pNS11 single-stranded DNA fragments, 6.0 M M13mp19 form I DNA, 2.0 M Rad51-6.0 M Rad52, 30 mM MOPS-KOH (pH 7.1), 12 mM MgCl 2 , 1 mM dithiothreitol, 50 g/ml bovine serum albumin, 2.0 mM ATP, and 15 mM KCl (derived from both the Rad51 and Rad52 preparations). The reaction mixture (16 l), which contained neither form I DNA nor Rad51-Rad52, was preincubated for 3 min at 37°C. The reactions were started by the addition of 3 l of 13.3 M Rad51-40 M Rad52. After an incubation for 10 min at 37°C, 1 l of 120 M form I DNA or relaxed double-stranded DNA (form IV DNA) was added, and the incubation was continued for 10 min, after which 0.6 l of 20 units/l calf thymus DNA topoisomerase (Fermentas Inc.) was added. The mixture was further incubated for 10 min at 37°C, and the reaction was terminated by transferring the whole mixture to a tube containing 3 l of stop solution (250 mM EDTA, 5% Sarkosyl) on ice, followed by the addition of 5 l of cold phenol/Tris. After keeping the mixture on ice for 10 min, 10 l of 10% SDS and 4 l of BPB-dye were added to the mixture, and the DNAs were then analyzed by electrophoresis at 1 V/cm for 14 h on a 1.2% agarose gel with TAE buffer, containing 5 mM sodium acetate and 0.03% SDS. The DNA was detected by staining with 1.0 g/ml ethidium bromide.
RESULTS

D-loop Formation Is Efficiently Promoted in the Presence of Both
Rad51 and Rad52-Rad51-promoted heteroduplex formation was measured by the use of negatively superhelical closed circular doublestranded (form I) plasmid DNA (pNS11, Fig. 1A ) and a homologous linear single-stranded [ 32 P]DNA as substrates in a "D-loop assay," an assay to form heteroduplex joints with a loop of the displaced strand (D-loop) from the form I DNA (Fig. 1B) . Generally, RPA (a singlestranded DNA-binding protein) is required for the formation of a heteroduplex joint to remove the secondary structures within the singlestranded DNA. The secondary structures prevent heteroduplex formation. To bypass the requirement for RPA, we used a short (259 bases) single-stranded DNA fragment of pNS11 (Fig. 1A) .
As shown in Fig. 1C , the products formed by the incubation with both Rad51 and Rad52 (Rad51-Rad52, lane 7) migrated in gel electrophoresis to the same position as the D-loops formed by RecA (lane 8). The amount of the products formed by Rad51-Rad52 was ϳ70% of D-loops formed by RecA. The reaction containing either Rad51 or Rad52 alone produced a background level of the products under our assay conditions (lanes 2 and 3) . The products were not detected when either magnesium or ATP was omitted (lanes 4 and 6) , or when the pNS11 form I DNA was replaced by M13 form I DNA (non-homologous DNA, lane 5). By the use of single-stranded DNA fragments and form I DNA derived from M13 and X174 phages, we confirmed that the signals of the products were detected only when the single-stranded DNA and the doublestranded DNA were homologous to each other (data not shown). Thus, the formation of the products by Rad51-Rad52 depends on the homologous combination of single-and double-stranded DNA molecules.
For further confirmation that the products are authentic D-loops, the double strand of the products was cut outside the homologous sequence by a restriction endonuclease, NheI, BbeI, or NaeI. D-loops in a linear double-stranded DNA spontaneously dissociate at 37°C by branch migration (42) . If the products were generated by an annealing between the pNS11 single-stranded DNA fragments and the possible singlestranded gaps of an open circular double-stranded DNA (pNS11 form II DNA) in the form I DNA preparation or by covalent binding between the pNS11 single-stranded DNA fragments and the pNS11 form I DNA, then it would not be dissociated by linearization of the double-stranded DNA. As shown in Fig. 1D (and data not shown) the products formed by Rad51-Rad52 as well as the D-loops formed by RecA were completely dissociated after linearization. Based on the results described above, we concluded that the products formed by Rad51-Rad52 are indeed D-loops, and that the D-loop formation requires Rad52 in addition to Rad51, even in the absence of RPA. These results suggest that Rad52 plays another role in Rad51-promoted heteroduplex joint formation, which is different from the loading of Rad51 onto RPA-coated singlestranded DNA.
Other Characteristics of D-loop Formation by Rad51-Rad52-The formation of D-loops by Rad51-Rad52 required ATP and Mg 2ϩ (Fig.  1C) . The D-loop formation by Rad51-Rad52 was not stimulated, and actually was rather depressed, by RPA even when the RPA was added after Rad51and Rad52 were incubated with single-stranded DNA fragments (Fig. 1E) , unlike the observations reported by Sugiyama et al. (34) . It was reported that Rad51 required 30 -60 mM KCl for heteroduplex joint formation between circular single-stranded DNA and linear double-stranded DNA (43) , and that heteroduplex joint formation by Rad52 was stimulated by a lower concentration of KCl, but inhibited by KCl at 50 mM (33) . The formation of D-loops by Rad51-Rad52 was decreased 1-3) or RecA (lanes 4 -6) were cleaved by NheI outside the sequence homologous to the pNS11 single-stranded DNA fragments and were incubated at 37°C. Lanes 3 and 6, complete reaction (with NheI and the subsequent incubation); lanes 1 and 4, omitting both NheI and subsequent incubation; lanes 2 and 5, omitting NheI but not the incubation. E, the effects of the addition of RPA to the Rad51-Rad52-promoted D-loop formation. In a series of experiments, RPA was added at the indicated concentrations after pNS11single-stranded DNA fragments were incubated with Rad51-Rad52 (0.4 and 1.2 M, respectively) for 10 min, and the mixtures were incubated further for 10 min. Then, pNS11 form I DNA was added, and the reactions were incubated for additional 30 min (•). In the other series of experiments, RPA was incubated with pNS11 single-stranded DNA fragments for 10 min, and then the Rad51-Rad52 was added and the mixtures were incubated for 10 min. Finally, pNS11 form I DNA was added, and the reactions were incubated for 30 min (E).
to one-half by increasing the KCl from 5 mM (the standard conditions) to 50 mM, and was completely inhibited at 100 mM KCl (data not shown).
Branch migration is known to be prevented by low temperature and high salt (42) . Therefore, after the reaction, the proteins were removed from the DNA products on ice, and the products were analyzed by gel electrophoresis with a high salt buffer at low temperature. We detected the Rad51-Rad52-promoted formation of D-loops between pNS11 linear double-stranded DNA, containing a homologous region derived from pUC119 and flanked by 1,674 bp and 1,622 bp non-homologous regions at both ends ( Fig. 2A) , and [
32 P]pUC119 single-stranded DNA fragments (lanes 3 and 7 in Fig. 2B ). The signals disappeared upon incubation at 37°C after deproteinization (lanes 2 and 6) . Thus, Rad51-Rad52 promotes the formation of D-loops in the absence of the supercoiled structure of the double-stranded DNA substrates.
D-loop Formation Is Enhanced in the Presence of a 1:3 Molar Ratio of Rad51 and Rad52 in the Reaction
Mixture-We analyzed the effects of various concentrations of Rad51 or Rad52 on the formation of D-loops, using several selected concentrations of DNA substrates (Fig. 3) . These analyses revealed that both Rad51 and Rad52 were required for the formation of D-loops under all of the conditions tested, but the addition of an excess of one over the other tended to inhibit the formation. Especially, an excess of Rad51 was strongly inhibitory. It is known that excess RecA stimulates the ATP-hydrolysis-dependent dissociation of a D-loop formed in closed circular double-stranded DNA (44) . The suppression of D-loop formation by an excess amount of Rad51 or Rad52 is not due to the stimulation of D-loop joint dissociation; i.e. as shown in Fig. 3D , in the presence of 0.4 M Rad52, 0.4 M single-stranded DNA fragments and 60 M double-stranded DNA, maximal D-loop formation was obtained with 0.2 M Rad51 and decreased to one-half with 0.4 M Rad51. Under the latter conditions, no D-loop dissociation was observed, as shown in Fig. 4 . These results suggest that an optimal ratio of Rad51 and Rad52 exists for D-loop formation.
We then determined the optimal stoichiometry between Rad51 and Rad52 for D-loop formation. We examined the effects of various amounts of Rad51 or Rad52 with fixed amounts of the other protein (Fig. 3) and various Rad51-Rad52 concentrations at a fixed ratio (Fig. 5 ) with different concentrations of form I DNA or single-stranded DNA fragments. In all cases, the highest level of D-loop formation in each experiment was achieved when the ratio of Rad51 and Rad52 was one to three, independent of the concentration of the form I DNA or the single-stranded DNA fragments.
Rad51 Binding to Single-stranded DNA, before Rad51 Interacts with Double-stranded DNA, Is essential for D-loop Formation-The order of the addition of the DNA substrates and proteins to the reaction mixture determined the level of Rad51-Rad52-promoted D-loop formation. The incubation of Rad51 with pNS11 single-stranded DNA fragments, before the addition of pNS11 form I DNA, is essential to obtain D-loops (Fig. 6A, procedures 2-4) . The addition of the form I DNA before the addition of Rad51 (procedures 6, 11, and 14), the incubation of Rad51 with form I DNA before the addition of the single-stranded DNA fragments (procedures 7, 8, 9, 10, and 16), and the simultaneous addition of the form I DNA and the single-stranded DNA fragments (procedures 12 and 13) did not produce D-loops (Fig. 6A) . These results and the inhibition of D-loop formation by excess Rad51 (Fig. 3, D-F) are all explained by the strong inhibitory effects of free Rad51 binding to double-stranded DNA. The incubation of Rad51 and the single-stranded DNA fragments, and then the form I DNA, before the addition of Rad52, decreased the yield of D-loops, but did not abolish their formation (procedure 5 in Fig. 6A ). The preincubation of Rad52 and form I DNA decreased the efficiency of D-loop formation but was not as harmful as the preincubation of Rad51 and form I DNA (Fig. 6, A (procedure 15) 
and B).
For the maximal level of D-loop formation, Rad51 and Rad52, at the ratio of one to three, had to be incubated with the single-stranded DNA fragments before the addition of the form I DNA (Fig. 6, A (procedures  2 and 3) and B (procedure 5)). These results suggest that the formation of a stoichiometric complex of Rad51 and Rad52 on the single-stranded DNA plays a role in D-loop formation.
The Formation of Free and Single-stranded DNA-bound Stoichiometric Complexes of Rad51 and Rad52-To determine whether Rad51 and
Rad52 form a complex in the absence of single-stranded DNA, we carried out an immunoprecipitation experiment using an anti-Rad51 antibody. When Rad51 and Rad52 were mixed at various molar ratios, about twice as much Rad52 was co-precipitated as Rad51 (Fig. 7A, panels a  and b, lanes 5-7) , indicating stoichiometric complex formation between Rad51 and Rad52 at a one to two ratio.
When Rad51 and Rad52 were allowed to bind to a limited amount of biotinylated single-stranded DNA fragments at various ratios, and then were precipitated by streptavidin-conjugated beads, Rad52 was recovered in proportion to Rad51, when smaller amounts of Rad52 were tested, and the binding became saturated at approximately twice the amount of Rad51 (Fig. 7B, panels a and b, lanes 5-7) . From these results, we conclude that Rad51 and Rad52 form a stoichiometric complex at the ratio of one Rad51 to two Rad52, in the presence or absence of single-stranded DNA. In addition, this Rad51-Rad52 complex binds to single-stranded DNA better than free Rad52, or Rad52 binds to Rad51 previously bound to single-stranded DNA, to form the stoichiometric complex.
Rad52 Is Required for the Untwisting of Double-stranded DNA by
Rad51 in the Presence of Single-stranded DNA-The untwisting (unwinding) of the double-helix is supposed to be an essential step in the homologous alignment of double-stranded DNA and single-stranded DNA during RecA/Rad51-promoted homologous pairing (45) (46) (47) (48) . The extent of the untwisting of double-stranded DNA can be assessed by a topoisomerase assay, using closed circular double-stranded DNA (Fig.  8A) . When closed circular double-stranded DNA is untwisted by one or more proteins, and then treated with eukaryotic topoisomerase I (resulting in a decrease in the linking number), the DNA acquires a negative supercoil with the same number of twists removed by the untwisting protein(s), upon the removal of all of the proteins. The untwisting of the double-helix, due to the binding of proteins such as RecA (49) or human Rad51 (50) , was demonstrated by the formation of extremely negatively supercoiled DNA (form X), using this assay. Form X DNA is observed as a band that migrates faster than form I DNA on an agarose gel. To assess the net untwisting during the search for homologous sequences to form D-loops, we used a non-homologous pair of pNS11 single-stranded DNA fragments and double-stranded DNA (form I or IV) derived from M13mp19. Once a D-loop is formed, the closed circular DNA is unwound until the entire single-stranded DNA can pair with the complementary strand of the double-stranded DNA, and if the single-stranded DNA fragments are long enough, then all of the negative supercoiling is removed (51) . These effects mask the net untwisting of double-stranded DNA during the search for homologous sequences in the protein-single-stranded DNA fragment-doublestranded DNA complexes.
When the Rad51-Rad52 complex or Rad51 was incubated with the form I DNA in the absence of the single-stranded DNA fragments, form X DNA was produced in the topoisomerase assay (lanes 2 and 3 in Fig.  8B ), indicating that Rad51 binds to double-stranded DNA and untwists the double-helix, as described by Ogawa et al. (52) . In contrast, in the current reaction buffer, no form X DNA was formed by the incubation of form I DNA with Rad52 alone, but Rad52 untwisted the doublestranded DNA to a lesser extent (lane 4 in Fig. 8B ).
When the form I DNA was added to the reaction after Rad51, and the single-stranded DNA fragments were incubated, no untwisting was detected (lane 8 in Fig. 8B ). In contrast, when the form I DNA was added after Rad51, Rad52 and the single-stranded DNA fragments were incubated, extensive untwisting of the form I DNA was observed. However, the extent of the untwisting was not as large as that observed in the absence of single-stranded DNA fragments, because form U DNA, instead of form X DNA, was detected in the topoisomerase assay (lane 7 in Fig. 8B ). Because the migration of the form U DNA signal was the same as that of the form I DNA, one might wonder if Rad51-Rad52 simply inhibited topoisomerase activity. To eliminate this possibility, we repeated the above experiment with previously relaxed closed circular double-stranded DNA (form IV DNA), instead of the form I DNA. As shown in Fig. 8C (lane 3) , form U DNA was detected in the topoisomerase assay, when form IV DNA was added after the incubation of Rad51-Rad52 and the single-stranded DNA fragments. Rad52 alone, in the presence of single-stranded DNA fragments, untwisted the doublestranded DNA to a much lower extent (lane 5 in Fig. 8C ), and Rad51 alone did not (lane 4 compared with a negative control; lane 6 in Fig.  8C ). In addition, we confirmed that the form U DNA was negatively supercoiled, by two-dimensional electrophoresis (Fig. 8D, lane 3) .
These results suggest that both Rad51 and Rad52 are required for the functional binding to double-stranded DNA, to promote the search for homology between the double-stranded DNA and the single-stranded DNA to which the Rad51-Rad52 complex binds.
DISCUSSION
It has been suggested that Rad52 enhances Rad51-mediated heteroduplex joint formation, at the termini of linear double-stranded DNA, with homologous circular single-stranded DNA in the presence of RPA, which is an essential components for this reaction (28, 31, 32) . In this reaction, Rad52 facilitates the binding of Rad51 to RPA-coated singlestranded DNA and displacement of the RPA (34) , and stabilizes the binding of Rad51 to single-stranded DNA (33) . In this study, by use of a short single-stranded DNA fragment as a substrate, the requirement of RPA for the reaction was eliminated. In fact, the formation of D-loops by Rad51-Rad52 was not changed, when RPA was added before or after the addition of Rad51-Rad52, and unlike the above case, the addition of RPA slightly reduced the D-loop yield (Fig. 1) . Using a short single-stranded DNA and homologous negatively superhelical closed circular doublestranded DNA (form I DNA), we found that, in the absence of RPA, Rad52 was still required for Rad51-promoted heteroduplex joint forma-tion, as assayed by D-loop formation (Figs. 1C and 2B ). This finding suggests another, previously unidentified role of Rad52 in Rad51-promoted heteroduplex joint formation.
The Stoichiometric Complex of Rad51 and Rad52 Plays a Role in Heteroduplex Joint
Formation-Under the various conditions tested, the highest level of D-loop formation was achieved when the ratio of Rad51 and Rad52 was one to three in the reaction mixture, independent of the concentrations of the form I DNA and the single-stranded DNA fragments (Figs. 3 and 5) . For the maximal level of D-loop formation, Rad51 and Rad52, at the ratio of 1 to 3, had to mix with the singlestranded DNA fragments before the addition of the form I DNA (Fig. 6) . The stimulation of D-loop formation is achieved mainly by the increase in the final yield of D-loops, and neither by the inhibition of the dissociation phase of the D-loops once formed (observed in the case of RecA (44)), nor by the elimination of a lag phase in the formation (as in the case of Rad52-stimulated strand exchange (33)).
A series of immunoprecipitation experiments using anti-Rad51 suggested the formation of a Rad51 and Rad52 complex at the ratio of one Rad51 to two Rad52, even in the presence of an excess of Rad52 over Rad51 (Fig. 7A) . A previous report described the formation of a stable equimolar complex of Rad51 and Rad52, based on experiments using His 6 -tagged Rad52 and a nickel-NTA-agarose-bead precipitation, but this estimation was approximate, as described (29) . Therefore, we do not think that these considerations of the discrepancy are informative. Previous publications described the complex formation by Rad51 and Rad51, depending on species-specific modes of interactions (18, 26 -28, 30, 53) .
Protein-precipitation experiments using biotinylated single-stranded DNA fragments and streptavidin-conjugated beads supported the presence of a stoichiometric complex of Rad51-Rad52, at a one to two ratio, bound to single-stranded DNA (Fig. 7B) . Because Rad51 and Rad52 alone can each bind to single-stranded DNA, it may not be surprising that both Rad51 and Rad52 are recovered from precipitated singlestranded DNA-protein complexes at amounts proportional to the input. However, in the presence of a saturating amount of Rad51 (relative to single-stranded DNA), the ratio of Rad52 to Rad51 was proportional to the amount of Rad52, and became saturated at about two Rad52 to one Rad51, when the added Rad52 was present in 3-fold excess over the input Rad51 (Fig. 7B) . This result suggests that until a sufficient amount of the Rad51-Rad52 complex is formed, both the Rad51-Rad52 complex and Rad51 coexist on single-stranded DNA, and the Rad51-Rad52 complex has higher affinity for single-stranded DNA than the free Rad52. We did not determine the unit size of the Rad51-Rad52 complex. Gel filtration analyses of the free Rad51-Rad52 complex suggested that the complex contains multiple molecules of the two proteins (29) . This type of analysis could not determine the unit size of the complex bound to DNA, and a precise determination of the unit complex will require three-dimensional structure analyses of crystals of the protein-DNA complexes.
By binding to RecA or Rad51, single-stranded DNA and doublestranded DNA are extended by 1.5-fold relative to the Watson-Crick type (B form) of double-stranded DNA with the same sequence, and this extension is unavoidably associated with untwisting of the double-helix. It is postulated that this extended structure facilitates the search for the complementary sequences between double-stranded DNA and singlestranded DNA, for the formation of heteroduplex joints by RecA or Rad51 (48, 54) . Thus, the untwisting of the double-helix by the binding of the single-stranded DNA-RecA or Rad51 complex to the doublestranded DNA can be an indicator of the functional complex formation for the homologous sequence search between the single-and doublestranded DNA molecules.
Rad51 and Rad52 each bind to single-and double-stranded DNA, and under the current conditions (including 12 mM MgCl 2 and ATP), Rad51 untwists double-stranded DNA extensively in the absence of singlestranded DNA (Fig. 8B) . However, in the presence of single-stranded DNA, Rad51 alone did not untwist double-stranded DNA and required Rad52 for extensive untwisting (Fig. 8, B-D) . Thus, it is likely that the stoichiometric Rad51-Rad52 complex on single-stranded DNA is the active entity that binds to double-stranded DNA for the formation of heteroduplex joints (D-loops).
The formation of D-loops by Rad51-Rad52 observed in this study revealed the optimal amounts of both proteins, and excessive amounts of either protein were harmful to the formation (Fig. 3) . The order of addition analysis of the proteins and DNA for the formation of D-loops (Fig. 6) suggest that the binding of free Rad51 (especially) or Rad52 to double-stranded DNA prevents D-loop formation, probably by preventing the binding of the single-stranded DNA-Rad51-Rad52 complex to double-stranded DNA. It was previously found that the doublestranded DNA-RecA complex is an inactive substrate for the formation of D-loops by the single-stranded DNA-RecA complex (44) .
Multiple Roles of Rad52 in the Rad51-promoted Formation of Heteroduplex Joints-The formation of heteroduplex joints (including the homologous pairing and strand exchange) between circular single-stranded DNA (e.g. E. coli phage x174) and homologous linear double-stranded DNA (linearized x174 RF I) by Rad51, in the presence of RPA, was stimulated by Rad52 at one-tenth of the level of Rad51 when Rad51 was added with RPA at the same time, and an excess of Rad52 prevented the formation of joint molecules (29) . The stoichiometric complex of Rad51-Rad52 is fully active in promoting strand exchange between homologous single-stranded oligonucleotide-DNA and double-stranded oligonucleotide-DNA, and thus it was supposed that the inhibition by excess Rad52 was specific to long DNA molecules (29) . When the DNA substrates are circular single-stranded DNA (phage DNA) and homologous linear unit-size double-stranded DNA, the formation of the products, especially the final ones (nicked circular form), depends on extensive strand exchange (or precisely, "branch migration"), which requires a long and uninterrupted Rad51 spiral filament formed along the single-stranded DNA. This requirement is fulfilled by RPA, which unfolds secondary structures in single-stranded DNA, but the preceding binding of RPA prevents the binding of Rad51. Rad52 is required for loading of Rad51 onto RPA-coated single-stranded DNA (29, 33, 34) , and for the stabilization of the Rad51-single-stranded DNA complex (called the presynaptic filament (33) ). The cooperative nature of Rad51 binding to single-stranded DNA could explain why only a small amount of Rad52 is required for these functions.
The formation of D-loops from form I DNA and homologous singlestranded DNA fragments includes the invasion of the middle region of the double-stranded DNA by the single-stranded fragments. Rad51 by itself is not very active for the formation of D-loops, at least under the conditions used in this study, including 12 mM MgCl 2 , 5-10 mM KCl, and a mM level of ATP. When double-stranded DNA has a terminus with a homologous sequence to that of single-stranded DNA, Rad51 alone promotes the formation of heteroduplex joints (12) . Unlike the case of homologous joint molecule formation from circular singlestranded DNA and linear double-stranded DNA, a 3-fold excess of Rad52 was required for the Rad51-promoted formation of D-loops. This is not due to a reduced content of active Rad52 in our preparation, because both the Rad52 and Rad51 preparations were shown to be fully active, as described under "Materials and Methods."
It was reported that Rad52 alone forms D-loops from short singlestranded DNA fragments and form I DNA, in a reaction mixture containing only 1 mM MgCl 2 (19) , and in the presence of a higher concentration of MgCl 2 (e.g. 10 mM), this Rad52 activity was abolished (W. Kagawa (55) , as reproduced in Fig. 1 ). Thus, it is unlikely that, under the current conditions, Rad52 promotes homologous pairing independently of Rad51 for the formation of D-loops. Because Rad52 is able to bind to both double-and single-stranded DNA, Rad52 might form aggregates of double-and single-stranded DNA independently of Rad51, to increase the local concentration of DNA substrates for Rad51, which would accelerate the formation of D-loops. This possibility is unlikely, because a fixed ratio (3:1) of Rad52 to Rad51 was always required for the efficient formation of D-loops, regardless of the amounts of Rad51 and DNA. As described in the preceding section, Rad51 and Rad52 form a stoichiometric complex bound to singlestranded DNA, and this is required for the functional binding of the proteins-single-stranded DNA complex to double-stranded DNA in the search for a homologous sequence.
Therefore, we speculate that the stoichiometric complex of Rad51-Rad52 is the active entity for the invasion of double-stranded DNA in the middle part of the molecule, by a homologous single-stranded DNA-tail, to form the D-loop.
In vivo, Rad51 exists at a much higher concentrations than Rad52, and one might suppose that there could be a problem in recruiting enough Rad52 to repair double strand breaks. In vivo, heteroduplex joints are composed of several kilobase pairs. We suppose that the initiation of heteroduplex joint formation depends on the formation of a small D-loop, a core heteroduplex joint, by the stoichiometric complex of Rad51 and Rad52, and then the heteroduplex is extended by branch migration by a large amount of Rad51 (Rad51 per 3 bp (29)) with the aid of RPA and a smaller amount (1/10 of that of Rad51 (29)) of Rad52. Therefore, much less Rad52 is required, as compared with Rad51.
